Epstein-Barr virus (EBV) establishes a latent infection in
human B lymphocytes that can be periodically reactivated by various cell signaling systems (reviewed in references 32 and 55). The latent virus exists as a chromatin-associated, multicopy episome with highly restricted transcription patterns (18, 59) . Reactivation of latent EBV can be induced by several different chemicals, including phorbol esters (72) , calcium ionophores (20) , 5-azacytidine (5) , and sodium butyrate (56) . These reagents relieve multiple levels of transcriptional repression and promote transcriptional activation of the immediateearly genes of EBV. zta is the primary immediate-early gene of EBV that can induce viral reactivation in B-lymphocytes when sufficiently overexpressed by a heterologous promoter (13, 17, 47) . Zta is a member of the b-Zip family of transcriptional activators and stimulates the transcription of multiple viral genes by binding directly to Zta response elements (ZREs) in viral promoters (21, 31, 41) .
The mechanism of Zta transcriptional activation has been investigated in some detail. Zta can stimulate the formation of a preinitiation complex consisting of the general transcription factors TFIIA and TFIID (39) . Zta interacts directly with several polypeptide components of TFIIA and TFIID and can alter the binding of TATA binding protein-associated factors to promoter sequences near the start site of transcription (14, 33, 42) . The stable Zta-TFIID-TFIIA complex is more competent for recruiting TFIIB (15) . High-level transcriptional activation in vitro by Zta requires interactions not only with TFIID, TFIIA, and TFIIB but also with a poorly defined set of transcriptional coactivators (38) . All of these interactions are dependent on the amino-terminal activation domain of Zta (38, 39) .
Regulation of EBV latency can occur at multiple levels, including the control of Zta transcriptional activation functions. Several transcription factors that mediate complex cellular signaling pathways bind directly to Zta and affect its ability to stimulate transcription. Zta can bind NF-B p65, p53, and the retinoic acid receptor (RAR), all of which are mediated through the Zta dimerization domain (27, 61, 70) . Transfection of p65, p53, or RAR profoundly inhibits Zta transcriptional activation function, and treatment of EBV-infected cells with RA inhibits phorbol ester-mediated reactivation (44, 62, 67) , but the precise mechanism of this inhibition is not completely understood.
Multiple signaling mechanisms may be integrated by the family of coactivator proteins CREB binding protein (CBP) and p300, which interact directly with multiple activators and coactivator complexes (22, 29, 60, 64) . CBP was originally found to bind to the phosphorylated form of CREB and mediate its transcription activation function (16, 37, 49) . p300 was identified by virtue of its interaction with the amino-terminal domain of the adenovirus E1A oncoprotein, and this association is important for the growth-transforming activity of E1A (2, 19) . p300 and CBP are highly related proteins and have many overlapping functions including the ability to bind CREB and E1A (45) . CBP and p300 bind many other transcription factors, including p53, NF-B p65, and RAR, and the association with CBP has been shown to correlate with transcription activation function (26, 30, 43, 53, 71) .
CBP-p300 stimulates transcription by at least two distinct mechanisms. CBP-p300 possesses an intrinsic histone acetyltransferase activity (HAT), and this activity is important for the remodeling of chromatin which inhibits the accessibility of general transcription factors to core promoter sequences (3, 24, 50) . The HAT domain of CBP functions as a transcriptional activation domain when artificially tethered to some core promoters (46) , and inactivation of CBP HAT activity by mutagenesis abrogates transcription coactivation by some activators (34) . Also, CBP is capable of directly acetylating nonhistone transcription factors, including p53 (25) . Acetylation of p53 stimulates DNA binding activity, and this correlates with an increase in transcriptional activation function (25) . CBP may also activate transcription by a HAT-independent mechanism (63) . CBP mutants lacking HAT activity can stimulate transcription from some promoters (34, 63) . CBP mediates interactions between transcription factors and the holo-RNA polymerase II, thus serving as a bridging factor which may stabilize the formation of a preinitiation complex (49) . Recruitment of holo-RNA polymerase II by promoter-bound factors is an efficient mechanism of transcriptional activation (4, 54) . Thus, CBP can modulate transcription by acetylation of histones and other factors, as well as by recruiting holo-RNA polymerase II to the promoter.
CBP-p300 can also associate with multiprotein complexes that contain additional HAT activities (60) . The multiprotein P/CAF complex associates with CBP, as does p/CIP and NCoA, which can bind directly to some promoter-bound transcription factors, such as nuclear hormone receptors (12, 65, 68) . The requirement for multiple HAT and coactivators that are capable of associating directly and indirectly with transcription factors, as well as with each other, raises the issues of how these multiprotein complexes contribute to transcription activation and which subsets of coactivators are required for specific activation pathways (64, 65) . Some of these coactivators may have specialized functions in specific cell types and for particular genetic pathways (36) . In this work, we explore the role of CBP in mediating the reactivation of latent EBV by binding directly to the Zta activation domain.
MATERIALS AND METHODS

Cells.
HeLa and D98/HR1 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Gibco BRL), glutamine, and penicillin-streptomycin (complete medium) in a 5% CO 2 incubator at 37°C. D98/HR1 is a hybrid of the EBV-positive Burkitt's lymphoma cell line P3HR1 and the human epithelial cell line D98 (23) . Raji cells, derived from an EBV-positive Burkitt's lymphoma, were maintained in RPMI medium supplemented with 10% fetal bovine serum, glutamine, and antibiotics (complete medium) in a 5% CO 2 incubator at 37°C.
Plasmids. All glutathione S-transferase (GST)-CBP fusion protein expression plasmids were constructed by PCR amplification from a full-length mouse CBP template with oligonucleotides containing appropriate restriction sites and cloned into pGEX-2T (Pharmacia). GST-C/H1 codes for amino acids (aa) 301 to 585 of CBP, encompassing the cysteine-and histidine-rich region 1 (C/H1), and was cloned as a BamHI-digested fragment into BamHI-cut pGEX2T. GST-NTAD codes for aa 227 to 460 of CBP and was cloned as a BamHI-digested fragment into BamHI-digested vector (63) . GST-KIX expresses the phospho-CREB interacting region of CBP (aa 586 to 666) and was cloned as a BamHIEcoRI-digested fragment into BamHI-EcoRI-cut pGEX2T (52) . For the CBP dominant-negative-mutant experiments, oligonucleotides with inserted Asp718 and BamHI restriction sites and N-terminal HA epitope tag were PCR amplified from a full-length mouse CBP template, digested with Asp718 and BamHI, and cloned into the eukaryotic expression plasmid pRTS2, a pSG5-based vector (Stratagene) (57) . The dominant negative CBP constructs CBP 1430-1915, CBP 1680-1915, CBP 1430-1680, and CBP 1194-1915 express an N-terminal HA tag with the nominal CBP amino acid sequences. Plasmid pPL609a was constructed by subcloning a BamHI fragment of mouse CBP containing a termination codon at nucleotide 3855 into pRTS2 and was used for subsequent C-terminal deletion constructs. CBP 1-1098 was created by digesting pPL609a with XbaI and religating to express aa 1 to 1098 of CBP. CBP 1-499 was constructed by digesting pPL609A with PstI and religating to express aa 1 to 499 of CBP. CBP 1-312 was constructed by digesting pPL609a with EcoRV and HindIII, blunt ended with Klenow DNA polymerase, and religated to express aa 1 to 312 of CBP. CBP 301-499 was generated by PCR with an amino-terminal HA tag and cloned with Asp718 at the 5Ј end and a BamHI-BglII fusion at the 3Ј end into the pRTS2 expression vector. The EBV Zta protein was expressed in transient-transfection assays from either ZtaSR␣, a simian virus 40 (SV40)-based enhancer system, or Zta-pCDNA3, a cytomegalovirus-based promoter system. Plasmids pZ 7 E4TCAT and pZ 5 E4TCAT were gifts from M. Carey (9) . BHLF1CAT(pDH123) and pSV 2 CAT have been described previously (40) . 3ϫDyad-TKCAT(p403.3) was a gift from J. Yates (66) . The GST-CBP-containing plasmids GST(1680 GST( -1915 , GST(1761 GST( -1915 , and GST(1799-1915) and the eukaryotic expression vectors for CBP , and CBP (1430-1915) were gifts from T. Halazonetis (58) . Full-length mouse RC/RSV-CBP was a gift from R. Goodman (37) . The E1A wild-type and E1A ⌬2-36 plasmids were gifts from Gerd Blobel (7) . Expression vectors for human GCN5 and P/CAF were provided by S. Berger (8) and Y. Nakatani (68), respectively.
Transfections and CAT assays. D98/HR1 and HeLa cells were seeded at 7 to 15% confluency in six-well plates 12 to 16 h prior to transfection. The cells were washed with Dulbecco's phosphate-buffered saline (DPBS) and refed with DMEM 4 h prior to transfection. Plasmid effector DNA was added at 1 to 4 g, depending upon the experiment, and the Z 7 E4TCAT, BHLF1CAT, 3XDyadTKCAT, and pSV 2 CAT target plasmids were added to 1 g. DNA was transfected by the calcium phosphate precipitation method (11) . The cells were washed with DPBS 16 to 20 h posttransfection, refed with DMEM, and harvested approximately 24 h later. Chloramphenicol acetyltransferase (CAT) assays were performed by the direct liquid scintillation assay, as previously described (10) . Briefly, cell extracts were heat inactivated at 65°C to inactivate endogenous CAT activity and then pelleted to remove cellular debris. Equal amounts of extract were added along with [
14 C]butyryl-acetyl coenzyme A (NEN) and chloramphenicol for 2 h. Acetylated chloramphenicol was extracted with 0.5 ml of xylene and mixed with Econofluor-2 (NEN) for liquid scintillation counting. The results of CAT assays were based upon experiments performed at least in triplicate on multiple independent occasions. Expression levels of all activator proteins were monitored by Western blot analysis.
GST binding assays. Purified GST proteins were incubated with 35 S-labeled protein generated from a rabbit reticulocyte lysate-coupled transcription-translation system (Promega). Binding conditions and washings were essentially those described previously (51) , except that the protein binding buffer was modified to contain 20 mM HEPES (pH 7.9), 12% glycerol, 0.5 mM EDTA, 100 mM KCl, 0.1% Nonidet P-40 (NP-40), 5 mM ␤-mercaptoethanol, and 1 mM phenylmethylsulfonyl fluoride (PMSF) (51) . Bound proteins were eluted from glutathioneSepharose 4B beads by boiling in Laemmli buffer.
Western blot analysis. D98/HR1 and Raji cells were treated as described in the figure legends and harvested approximately 36 to 40 h after treatment. The antibodies used include EBV p52/50 anti-EA-D monoclonal antibody (Advanced Biotechnologies), anti-HA (Boehringer-Mannheim), anti-actin (BoehringerMannheim), and a rabbit polyclonal antibody raised against Zta. Signals were visualized by enhanced chemiluminescence (Amersham).
DNA binding assays. Magnesium-agarose electrophoretic mobility shift assays (EMSAs) were performed as described previously (39) . The probe was prepared by end labeling pZ 5 E4TCAT (9) at an Asp718 site with [␣-32 P]dATP by using Klenow polymerase and then digested with HindIII to generate the Z 5 E4T promoter. Zta and ⌬Zta (⌬2-141) were prepared as described previously (39) .
Immunoprecipitation. Raji cells were induced for lytic reactivation of EBV with 3 mM sodium butyrate and 100 ng of tetradecanoyl phorbol acetate (TPA) per ml. The cells were harvested 36 to 40 h after treatment, washed with DPBS, and resuspended in lysis buffer (20 mM NaH 2 PO 4 , 150 mM NaCl, 5 mM MgCl 2 , 0.1% NP-40, 1 mM PMSF, 1 mM dithiothreitol, 1 g of pepstatin per ml, 1 g of leupeptin per ml). They were incubated on ice for 30 min, lysed with a Dounce homogenizer, pelleted, and sonicated with a Misonix sonicator microtip on setting 5. After the debris was pelleted, extracts from lysed and sonicated cell pellets were combined and precleared with protein A-Sepharose CL4B beads. Approximately 10 7 cell equivalents were used for each immunoprecipitation with anti-CBP-NT and CBP-CT antibodies (Upstate Biotechnology Inc.) coupled to protein A-Sepharose CL4B beads or to control protein A-Sepharose beads and incubated for 1 h. The immunoprecipitates were washed five times with lysis buffer, and bound proteins were eluted with 0.7 M NaCl. Western blots were probed with rabbit polyclonal anti-Zta antibody.
Preparation of HeLa-and baculovirus-derived CBP. HeLa nuclear extracts were fractionated on a P11 phosphocellulose column. The 0.3 M KCl fraction containing CBP was loaded onto a DEAE-Sephacel column, and the 0.5 M KCl fraction containing CBP was further fractionated on Q-Sepharose with a linear gradient of 100 to 600 mM KCl. The fractions containing CBP (at 200 mM KCl) were dialyzed to 10 mM potassium phosphate and loaded onto a hydoxylapatite column, which was eluted with a gradient of 10 to 500 mM potassium phosphate. The CBP eluted at 400 mM potassium phosphate and was estimated to be 500-fold enriched from nuclear extracts. Silver-staining analysis indicated that CBP was the most abundant polypeptide in this fraction. For expression of recombinant CBP (rCBP) in baculovirus, the N-terminal HA-tagged cDNA encoding mouse CBP was inserted into baculovirus expression vector pVL1392 (Pharmingen) and used to transfect Sf9 cells. Baculovirus expressing HA-CBP was amplified and used to infect Sf9 cells for 72 h. Nuclear extracts produced by Dounce homogenization were incubated with 12CA5-conjugated protein A-Sepharose (Pharmacia) overnight at 4°C. The mixture was washed three times with 20 mM HEPES-20% glycerol-400 mM NaCl-0.05% NP-40, 1 mM dithiothreitol-1 mM PMSF, and HA-CBP was eluted with 12CA5 specific peptide (1 mg/ml) in D100 buffer (20 mM HEPES, 20% glycerol, 0.2 mM EDTA, 1 mM dithiothreitol, 1 mM PMSF, 100 mM KCl).
RESULTS
To pursue the possibility that HAT-containing coactivators participate in viral reactivation, we tested the ability of various known HATs to stimulate viral reactivation by themselves or in association with Zta overexpression. Latently infected D98/ HR1 cells were transfected with CBP, p300, or P/CAF in the presence or absence of Zta and assayed for viral reactivation by Western blot analysis with antibody directed against the viral early antigen, EA-D. EA-D consists of the product of the BMRF1 open reading frame, which is transcriptionally activated by the binding of Zta to its promoter. Under these conditions, Zta by itself had a weak stimulatory effect on EA-D expression (Fig. 1A, lane 2) . Transfection of CBP, p300, or P/CAF had no effect on reactivation alone (lanes 3, 5, and 7). However, cotransfection of Zta with CBP or with p300 resulted in significant expression of EA-D (lanes 4 and 6). P/CAF did not coactivate Zta-mediated expression of EA-D. However, coexpression of P/CAF with CBP further increased the levels of EA-D expression in the presence of Zta, supporting models that P/CAF functions in association with CBP.
The ability of CBP to enhance Zta-mediated reactivation was further characterized by titrating the amount of Zta expression plasmid required to stimulate EA-D expression (Fig.  1B) . In the absence of CBP, EA-D expression was detected only when 4 g of Zta was transfected (Fig. 1B, lane 5) . However, in the presence of 4 g of CBP, higher levels of EA-D were expressed at 1, 2, and 4 g of Zta expression plasmid (lanes 8 to 10). Quantitation of plasmid-derived Zta in these cells is complicated by the reactivation of the endogenous virus-encoded Zta, but similar titrations and cotransfections in EBV-negative HeLa cells indicated that Zta levels increased proportionately to transfected plasmid DNA and that CBP cotransfection had no significant effect on plasmid expression levels (see Fig. 6C and 7B) . Furthermore, similar observations were made whether Zta was expressed from SV40-or cytomegalovirus-based expression vectors (data not shown). These results suggest that CBP can enhance the ability of Zta to stimulate EA-D expression from cells latently infected with EBV.
CBP was next examined for its ability to costimulate the transcriptional activation function of Zta from a reporter plasmid in an EBV-negative cell line. HeLa cells were cotransfected with Zta and either CBP, P/CAF, or hGCN5 for the ability to stimulate transcription from Zta-responsive reporter plasmids, Z 7 E4TCAT or BHLF1CAT. BHLF1 is an EBVderived promoter that contains four ZREs interspersed with several cellular activator binding sites. Z 7 E4T is a synthetic promoter with seven ZREs upstream of the adenovirus E4 TATA and initiator element, and it is strictly dependent on Zta for its activation. We found that CBP stimulated Zta activation of Zta-responsive promoters whereas P/CAF and hGCN5 were largely inhibitory in this assay ( Fig. 2A) . While CBP typically amplified Zta transcription activation 2.5-to 5-fold, we were able to identify optimal conditions where CBP could stimulate transcription levels as high as 12-fold above those of Zta alone (Fig. 2B) . These results suggest that CBP can be made limiting for transcriptional activation by Zta and that cellular conditions may contribute to the relative availability of CBP.
The ability of CBP to coactivate transcription by an activator typically correlates with the formation of a stable complex between CBP and the activator. To determine if Zta and CBP form a stable complex in vivo, extracts were derived from latently infected Raji cells or from Raji cells treated with TPA and sodium butyrate to stimulate EBV reactivation. The extracts were subjected to immunoprecipitation with polyclonal antibody directed against CBP or with control protein A-Sepharose beads. Immunoprecipitated complexes were then eluted with 0.7 M NaCl, subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis, and immunoblotted with a polyclonal antibody directed against Zta. We found that Zta could be detected in CBP-specific immunoprecipitates derived from treated extracts (Fig. 3A, lane 2) but not from untreated extracts (lane 1) or from control immunoprecipitates (lanes 3 and 4). This suggests that Zta forms a stable complex with CBP in latently infected B cells that had been reactivated by TPA and sodium butyrate treatment. The relative amount of Zta that could be coimmunoprecipitated with CBP was a small fraction of the input Zta (less than 5%), suggesting that only a fraction of Zta is complexed with CBP or that a Zta-CBP complex is only partly stable throughout the immunoprecipitation reaction.
To further demonstrate a role of CBP in mediating Zta transcriptional activation and viral reactivation, we tested whether the adenovirus E1A 12S protein could specifically inhibit Zta activity (Fig. 3B) . E1A 12S binds directly to CBPp300 and inhibits its function in transcription coactivation for multiple activators. To determine if E1A inhibited viral reactivation by Zta, we cotransfected D98/HR1 cells with the expression plasmids for Zta, CBP, and E1A and assayed them for EA-D expression. As shown above, cotransfection of Zta and CBP stimulates EA-D expression from latent EBV in D98/ HR1 cells (Fig. 3B, lane 2) . Cotransfection of E1A 12S with Zta and CBP completely eliminated EA-D expression (lane 3). An amino-terminal deletion mutant of E1A (⌬2-36), which is defective for binding CBP, had only a minor inhibitory effect on reactivation by Zta plus CBP (lane 4). Thus, E1A 12S inhibits Zta-and CBP-mediated reactivation of latent EBV, and this inhibition is dependent on the ability of E1A to bind CBP.
To further explore the role of CBP in mediating Zta transcriptional activation function, we tested the effect of E1A on the ability of Zta to activate a reporter plasmid in EBV-negative HeLa cells. In these experiments, Zta stimulated Z 7 E4TCAT almost 70-fold (Fig. 3C, lane 2) . Cotransfection of E1A 12S protein resulted in a substantial reduction of Zta to less than threefold activation (lane 3). Cotransfection of the E1A (⌬2-36) deletion mutant had no effect on Zta transcription activation function, suggesting that the inhibition by E1A was largely CBP dependent (lane 4). The expression levels of Zta protein were examined by Western blotting and found not to vary significantly by cotransfection of E1A or E1A (⌬2-36) (Fig. 3D) . Thus, E1A does not reduce Zta protein abundance and therefore most probably inhibits Zta transcription activation function.
We next tested the ability of Zta to bind directly to CBP in vitro by using the GST binding assay. We found that GST-Zta was capable of interacting with two independent domains of CBP with relatively similar affinity (Fig. 4B) . Zta bound to an amino-terminal fragment of CBP (aa 1 to 1098) but did not bind to a smaller amino-terminal fragment (aa 1 to 160), which has been reported to interact with nuclear hormone receptors. Similarly, Zta bound to a C-terminal fragment (aa 1672 to 2441) but not to a smaller fragment (aa 1917 to 2441), which contains the SRC-1 binding domain (Fig. 4B) . Further mapping of the interaction by using previously characterized domains of CBP fused to GST revealed that Zta bound to a small N-terminal fragment and a small C-terminal fragment (Fig. 4C,  top) . Zta bound to residues 227 to 460, referred to as the CBP N-terminal activation domain (NTAD). It also bound to partially overlapping residues 301 to 585, which contains cysteineand histidine-rich region 1 (C/H1). Zta did not bind to residues 585 to 666, the phospho-CREB binding domain (KIX). Zta also bound to the C-terminal C/H3, encompassing aa 1680 to 1915, with some residual binding to aa 1761 to 1915 and aa 1799 to 1915, which partially truncate the C/H3 domain. These GST-CBP fusion proteins did not interact with EBNA1, an EBV-encoded replication protein, suggesting that interaction with Zta is relatively specific (Fig. 4C, bottom) . These results indicate that Zta can bind to two independent but related regions of CBP and that the homologous C/H1 and C/H3 domains are the likely interaction sites.
To determine if Zta can bind to CBP in the context of promoter DNA, we tested the ability of the CBP fragments to alter the mobility of Zta in EMSA. Previously, we had found that large multiprotein complexes were best resolved in magnesium-agarose gels. Incubation of Zta with a DNA probe containing five ZREs produced a small shift in this gel system (Fig. 5A, lane 2) . The addition of the C/H1 domain produced a stable complex with different mobility relative to Zta alone (lane 4). Similarly, the C/H3 domain also formed a complex with Zta (lane 8), while the KIX domain (aa 586 to 666) (lane 6) and the C/H3 deletion (aa 1799 to 1915) (lane 8) did not produce stable shifts with Zta in these assays. These results clearly show that CBP subdomains can interact with Zta when bound to promoter DNA.
The interactions of the CBP subdomains were tested for their dependence on the Zta activation domain. The magnesium-agarose EMSA was used to compare the ability of CBP subdomains to bind to either full-length Zta or an aminoterminal deletion mutant of Zta (⌬2-141), which completely eliminates the Zta activation domain (Fig. 5B) . We found that the interactions between Zta and the subdomains, NTAD (aa 227 to 460), C/H1 (aa 310 to 585), and C/H3 (aa 1680 to 1915), were absolutely dependent on the Zta activation domain (Fig.  5B, lanes 5, 8, and 14) . Again, we did not observe any interaction between Zta and the KIX domain, which interacts specifically with phosphorylated CREB and NF-B. Importantly, we found that a partially purified fraction of human CBP also interacted specifically with Zta in an activation domain-specific manner (lane 17). To further verify that full-length CBP could interact with Zta, immunopurified HA-tagged CBP was generated from a baculovirus vector and assayed for an association with Zta in EMSA (Fig. 5C) . rCBP had no effect on the DNA probe mobility by itself (Fig. 5C, lane 4) . rCBP formed a complex with full-length Zta (lane 5) that was largely retained in the loading well, similar to that observed for the HeLaderived CBP (Fig. 5B, lane 17) . In contrast, rCBP had no effect on Zta(⌬2-141) (Fig. 5C, lane 6) , further indicating that the activation domain of Zta is required for the stable interaction of Zta with full-length CBP.
We next compared the ability of the various subdomains of CBP to affect Zta function in transcriptional activation assays. Interestingly, we found that amino-terminal fragments of CBP which retain the ability to interact with Zta were capable of stimulating Zta transcriptional activation in CAT assays and in viral reactivation assays (Fig. 6) . In transfection assays with HeLa cells, full-length CBP cotransfection produced an additional ca. threefold stimulation of Z 7 E4TCAT over activation by Zta alone (Fig. 6B) . The N-terminal CBP fragment (aa 1 to 1098) produced ϳ4.5-fold stimulation of Zta activation on this promoter. A fragment expressing aa 1 to 499 also activated transcription, although not as efficiently as full-length CBP, while a smaller fragment (aa 1 to 312), which lacks the C/H1 domain, eliminated all of the coactivation function. The C/H1 domain by itself produced a small but reproducible stimulation of Zta activation, suggesting that some of the Zta coactivation function resides in this small domain of CBP. Levels of Zta protein were not affected by cotransfection of CBP, indicating that CBP influenced Zta transcription activation function (Fig.  6C) . A similar pattern of activation by the N-terminal fragments of CBP was found for reactivation of the virus, as measured by the expression of EA-D. Full-length CBP and CBP (1-1098) stimulated EA-D expression to near equal levels (Fig.  6D, lanes 2 and 4) . CBP (1-499) stimulated EA-D expression, but the expression was reduced relative to that for full-length CBP (lane 6). In contrast, CBP (1-312) had no effect on EA-D expression (lane 8). Cotransfection of CBP with Zta had no effect on cellular actin levels, indicating that coactivation was relatively specific for Zta-responsive genes (Fig. 6D, bottom) . Again, these results suggest that interaction of Zta with the amino-terminal half of CBP containing the C/H1 domain is important for transcriptional activation and reactivation of latent viral genes.
We next examined the effect of the C/H3 domain on the ability of Zta to activate transcription. In contrast to the C/H1 domain, we found that overexpression of the C/H3 domain resulted in a strong repression of Zta transcriptional activation function (Fig. 7) . Again, full-length CBP produced about a 3.5-fold stimulation of Zta activation from the Z 7 E4TCAT reporter (Fig. 7A) . Cotransfection of the C/H3-containing fragments from aa 1430 to 1915 or 1680 to 1915 resulted in a strong inhibition of Zta activation function. Cotransfection of a region outside of the C/H3 domain, aa 1430 to 1680, had no significant effect on Zta transcription activation. A fragment containing a functional HAT domain in association with the C/H3 domain (aa 1195 to 1915) was also inhibitory for Zta, although somewhat less so than were the small C/H3-containing fragments. Again, the Zta expression levels were shown not to be significantly affected by cotransfection of the CBP or C/H3 domain (Fig. 7B) . The inhibitory activity of the C/H3 domain was found to be relatively specific for Zta, since it did not inhibit EBNA1 transactivation or the SV40 enhancer expression in pSV 2 CAT (Fig. 7C) . These results indicate that the C/H3 domain, in isolation from the intact CBP, can function as a potent inhibitor of Zta transcriptional activation function.
DISCUSSION
The cellular coactivators CBP and p300 have been implicated in the transcriptional function of multiple transcription factors. In this work, we show that CBP enhances Zta tran- scriptional activation and reactivation of lytic EBV gene expression ( Fig. 1 and 2 ). Zta and CBP formed a stable complex that could be immunoprecipitated from EBV-positive B lymphocytes chemically treated to stimulate viral reactivation (Fig.  3A) . Zta bound directly to two distinct regions of CBP in vitro, referred to as C/H1 and C/H3 (Fig. 4 and 5) . These domains have significant sequence similarity to each other and to the yeast coactivator, ADA2 (6) . The interaction of C/H1 and C/H3 with Zta was dependent upon the amino-terminal transcriptional activation domain of Zta, and this interaction could be measured when Zta was bound to functional ZREs in promoter DNA (Fig. 5B) . Additionally, full-length CBP partially purified from HeLa cells or as a recombinant protein expressed in baculovirus was capable of interacting with Zta in an activation domain-dependent manner. Furthermore, the transcriptional activation properties of Zta were significantly reduced by coexpression of the adenovirus E1A 12S protein, which binds the C/H3 domain of CBP (Fig. 3B) , or by coexpression of the CBP C/H3 domain itself, which binds avidly to the Zta activation domain (Fig. 7) . Taken together, these results strongly support a role for CBP in mediating transcriptional activation functions of Zta.
HAT-independent coactivation by CBP. In latently infected B lymphocytes, EBV gene expression is packaged in chromatin, which is likely to contribute to the repression of lytic gene expression (18, 59) . Viral reactivation can be stimulated by addition of sodium butyrate, a pleiotropic agent which is a potent inhibitor of histone deacetylases, suggesting that chromatin and histone acetylation may regulate EBV reactivation (35, 56) . Thus, it seems likely that HATs should promote viral reactivation. Consistent with this hypothesis, we have found that the CBP-p300 family of HAT-containing proteins costimulates viral reactivation by Zta. Ironically, we also found that the HAT domain of CBP was dispensible for costimulation of Zta transcriptional activation and viral reactivation (Fig. 6 ). This suggests that CBP stimulates Zta transcription activation by a HAT-independent mechanism. CBP functions as a bridging factor for CREB, by mediating an association between CREB and holo-RNA polymerase II (49) . The interaction of CBP with RNA polymerase II is further mediated by RNA helicase A, which binds to the C/H3 domain of CBP (49) . However, we found that the C/H3 domain of CBP was also dispensable for coactivation of Zta. A similar observation that the amino-terminal region of CBP-p300 was sufficient for transcription coactivation with CREB or NF-B has also been reported (28, 63) . Thus, it is possible that CBP costimulates Zta transcription by a mechanism distinct from histone acetylation or C/H3-dependent recruitment of holo-RNA polymerase II.
Mechanism of CBP coactivation. CBP binding to CREB is essential but not sufficient for transcriptional activation. CREB activation requires the function of a second activation domain that binds to the TAF135 component of TFIID (49) . Transcriptional activation by CREB has been proposed to function by the dual recruitment of TFIID and holo-RNA polymerase II through interactions with TAF135 and CBP, respectively. Like CREB, Zta also targets TFIID by stimulating the recruitment of a TFIID-TFIIA complex onto promoter DNA (39) . 5, 8, 11 , 14, and 17) and an aminoterminal deletion, Zta (⌬2-141) (lanes 3, 6, 9, 12, 15, and 18), were compared for their ability to bind to CBP fragments in magnesium-agarose EMSA, as in panel A. GST-NTAD, GST-C/H1, GST-KIX, GST-C/H3, and partially purified HeLaderived CBP (CBP) are indicated above their respective lanes. (C) HA-tagged rCBP expressed and immunoaffinity purified from baculovirus-infected Sf9 cells was tested for its ability to interact with Zta (lane 5) or Zta (⌬2-141) (lane 6) in magnesium-agarose EMSA. 69 ). Thus, it is possible that CBP further modifies the association of Zta with TBP, TFIIA, and TAFs. Zta was also shown to require preincubation with several additional activities to produce high-level transcription activation in vitro (38) . These additional activities include TFIIB and a crude coactivator fraction containing USA components. While the bulk of cellular CBP is excluded from these fractions, it is possible that a fraction of CBP is present in the crude coactivator fraction or as a substoichiometric component in our HeLa-derived holo-TFIID (data not shown). Future biochemical characterization of CBP in transcription reactions may help to determine if CBP has these additional functions in preinitiation complex assembly.
Functional similarity between C/H1 and C/H3. CBP binds to multiple transcriptional factors through several distinct domains. We have found that Zta binds to the C/H1-and C/H3-containing domains of CBP with near equal affinity. The C/H1 and C/H3 domains of CBP have significant sequence similarity to each other and are likely to share some biological functions.
C/H3 binds to many factors characterized to interact with CBP, including p53, E1A, P/CAF, and RNA helicase A (26, 43, 45, 48, 68) . While the C/H1 and C/H3 domains bind Zta with equal affinity, our transfection data indicate that they have distinct functional properties. We found that overexpression of the C/H3 domain inhibited Zta transcriptional activation function (Fig. 7) . Presumably, the association of C/H3 with Zta prevents the functional association of Zta with the appropriate fulllength target of CBP. Alternatively, overexpression of C/H3 may inhibit other CBP-associated components, like P/CAF, from forming a stable complex essential for mediating Zta transcriptional functions (28) . In contrast, overexpression of CBP amino-terminal fragments containing the C/H1 domain stimulated Zta transcription activation. At least two activation domains of CBP have been mapped by fusion of CBP fragments to a heterologous DNA binding domain in transienttransfection assays (63) . The NTAD overlaps the C/H1 interaction domain and is included within our mapping of a CBP transcriptional coactivation function for Zta. The C-terminal activation domain has no apparent effect on Zta function but may be important for relieving the dominant negative activity of C/H3 (data not shown).
CBP as a signal integrator. The interaction of CBP with a multitude of diverse transcriptional activators has led to the proposal that CBP integrates transcription for multiple signaling pathways (60, 64) . Antagonistic interactions between several different classes of activators, such as nuclear receptors and AP-1, are relieved by overexpression of CBP (30) . Thus, CBP may be rate limiting for these interactions in vivo, and competition for CBP by these various activators may regulate the transcription output from various signal inputs. In this respect, it is interesting that RA represses EBV lytic reactivation and that RAR, NF-B, and p53, which all bind CBP, inhibit Zta transcriptional activation. It is tempting to speculate that inhibition of Zta by these different activators may be regulated, in part, by competition for CBP. Future studies are required to determine if signals regulating the reactivation of EBV are integrated by competition for limiting concentrations of CBP.
